This review article examines the current state of understanding in how metal halide perovskite solar cells can degrade when exposed to moisture, oxygen, heat, light, mechanical stress, and reverse bias. It also highlights strategies for improving stability, such as tuning the composition of the perovskite, introducing hydrophobic coatings, replacing metal electrodes with carbon or transparent conducting oxides, and packaging. The article concludes with recommendations on how accelerated testing should be performed to rapidly develop solar cells that are both extraordinarily efficient and stable. Absorbers.
INTRODUCTION
There are a number of reasons to think that it will be challenging to make solar panels with metal halide perovskite semiconductors that will last for more than 25 years. These materials, which will be referred to simply as perovskites in this review, have the formula ABX 3 , where A is usually a mixture of methylammonium, formamidinium, and cesium, B is a mixture of tin and lead, and X is a mixture of iodine and bromine, but there can be other components as well. These perovskites are salts and take on water very easily if they are not packaged well. 1 Light exposure can break relatively weak bonds in either the perovskite or the commonly used contact layers, generate halogen vacancy-halogen interstitial pairs that enable halogens to migrate, 2 or convert any oxygen that might be present into highly reactive superoxide. 3 The prototypical perovskite for solar cell applications, methylammonium lead iodide, decomposes slowly at the higher end of the temperature range that panels encounter in the field (65−85°C) and decomposes rapidly at the temperature typically used to package solar cells (135−150°C) . 4−6 Perovskites react with almost all metals, especially under moderate temperatures and illumination since heat volatilizes halide species and light enhances halogen mobility. 7−10 Since the fracture energy of perovskites is remarkably low (below 1 J/m 2 ) and their thermal expansion coefficient is approximately 10 times higher than that of glass substrates or transparent conducting oxide electrodes (see Figure 1 ), 11, 12 stress can build up during temperature changes, causing delamination or accelerated decomposition. 13, 14 Moreover, when one cell in a panel is shaded, that cell is put into reverse bias, which can cause losses in device performance, probably because mobile ions pile up and react at the interface with the electrode. 15 Each of these phenomena can contribute to perovskite solar cell degradation, which we define to be any changes in the material or device that lead to a loss in power conversion efficiency. While solving all of these problems simultaneously may seem daunting, perovskites have some extraordinary properties that make the challenge irresistible. Their tunable band gap, strong light absorption, respectable charge carrier mobility, and defect tolerance have enabled perovskites to surpass all other semiconductors for making polycrystalline thin film solar cells with the highest power conversion efficiency. 16−25 This achievement is especially impressive considering that perovskites can be spin-cast or printed and that they are a newcomer in the quest to develop solar cells that can provide humanity with terawatts of affordable electricity. In this review we describe the current state of understanding in how perovskite films and perovskite solar cells degrade when exposed to the stressors outlined above as well as the progress that has been made toward improving stability. While it is certainly too early to conclude that perovskite solar cells will be sufficiently stable to be a game-changing photovoltaic (PV) technology, it is encouraging that so much progress has been made over the last six years. We will explain (1) how perovskite films can be protected from humidity and oxygen by incorporating hydrophobic impermeable contacts and using hermetic packaging. 26−28 (2) How replacing metal electrodes with carbon or conducting metal oxides has fixed problems associated with metal infiltrating the perovskite and halogens from the perovskite reacting with the electrode, enabling perovskite cells to operate with no degradation for >1000 h under one-sun illumination or at temperatures as high as 85°C
. 10, 27, 29, 30 (3) How partially or completely substituting methylammonium, which is somewhat acidic and too small to perfectly fill the space between metal iodide octahedra, with a mixture of cesium and formamidinium has dramatically improved thermal and light stability. 31−33 (4) How cells packaged with encapsulants that have a low elastic modulus have been reported not to degrade or delaminate when exposed to 200 cycles between −40 and 85°C or in a 1000 h, 85°C, 85% relative humidity damp heat test. 12, 27, 28 We note here that there are no established standards at this time for measuring the stability of perovskite solar cells with respect to any of the stressors mentioned above and that the literature we summarize in this review contains a wide variety of tests, making comparison of results between laboratories difficult. In the final section, we will share our thoughts on what tests the research community should perform to further improve the stability and what the best accelerated tests might be for predicting excellent performance in the field for greater than 25 years.
Before beginning this review, we would like to refer readers to previous reviews that we have found useful. A lot can be learned from studying degradation and efforts to improve reliability in silicon, 34, 35 CdTe, 36 and CIGS 37, 38 solar cells since panels with these cells have been in operation outside for decades and many of the stability issues present in perovskites are also prevalent in other thin film structures such as CIGS and CdTe. The literature on degradation in organic solar cells and how to study it is especially relevant because organic semiconductors and perovskites both have relatively weak bonds, are highly sensitive to air, and undergo changes at modest temperatures. 39−41 Moreover, most perovskite solar cells contain contact layers made with organic semiconductors. We are assuming that readers of this review are already familiar with how metal halide perovskite solar cells are designed to be efficient at harvesting solar energy. If that is not the case, we recommend excellent review articles that have already been published and the rest of the articles in this themed issue of Chemical Reviews. 16,42−45 
TOLERANCE TO HUMIDITY
Of the environmental factors that affect solar cell stability, humidity, and oxygen (section 3) are two of the most pervasive. Most materials suffer from corrosion in the presence Figure 1 . Common perovskite solar cell architectures consisting of a transparent conducting oxide electrode (TCO), electron transport layer (ETL), hole transport layer (HTL), perovskite, and electrode that is typically metal. In this schematic, light enters the cell through the TCO, which can be deposited on glass or a flexible substrate. of moisture or oxidation in the presence of oxygen, and PV materials are no exception. While commercialized c-Si typically can withstand small amounts of oxygen and moisture, as evidenced by the permeability of commonly used Tedlar back sheets, thin film PV modules employ glass−glass packaging that effectively prevents any moisture-or oxygen-induced degradation in either the active layers or the electrodes. It is important to understand the mechanism and extent of this degradation in new PV materials such as metal halide perovskites for several reasons. The first is that, as demonstrated above, the intrinsic resistance of the device stack to these extrinsic stressors will dictate the degree of packaging required. This is especially relevant for the ability to make flexible perovskite PV modules. While flexible packaging technology is making incredible strides in lowering cost and improving barrier quality, current flexible encapsulation is either more expensive or more permeable than the thick glass sheets used in rigid thin film packaging. 38, 46 Moreover, even the best packages might occasionally leak, and the cells will likely need to be transported briefly through air in a factory before they are packaged. Thus, perovskite solar cells in rigid or flexible device structures should ideally exhibit high intrinsic stability to moisture and oxygen.
Effect of Moisture on Perovskites
Before measures were taken to improve the moisture stability of perovskite solar cells, unpackaged cells were observed to degrade within a few hundred hours of exposure to air with relative humidity (RH) higher than 50%. 47, 48 Several groups proposed that moisture induces reversible and irreversible degradation of perovskite films as summarized in previous review articles. 49, 50 Essentially, water molecules easily penetrate the perovskite structure and form an intermediate monohydrate and dihydrate perovskite. The hydrate structures can fully convert back to the original perovskite after 48 h in dry air, as shown by X-ray diffraction. 1 Water molecules in perovskite crystals form strong hydrogen bonds with organic cations, 48 weakening the bond between the cation and the PbI 6 , allowing for faster deprotonation of the organic cation and for external stressors such as heat 51 or electric field 52 to be more effective at degrading the perovskite. Furthermore, water protonates iodide, creating volatile hydroiodic acid, HI. 53 As a result, yellow-colored lead iodide (PbI 2 ) is left behind as a decomposition product.
composition. 18 They demonstrated that substituting iodide with the smaller bromide shrinks the perovskite lattice parameter and results in a more stable cubic perovskite. This lattice shrinkage likely strengthens the organic cation-lead halide bonding 55 and reduces permeability of moisture through the perovskite. Halide substitution with thiocyanate (SCN) has also been reported to enhance moisture stability of nonencapsulated perovskite solar cells. The enhancement is due to a stronger interaction between Pb 2+ and SCN − than Pb 2+ and I − , making it harder for water to form a hydrate phase in thiocyanate-perovskite crystal structure. 56, 57 Likewise, A-site cation substitution can have a drastic effect on moisture stability by stabilizing or destabilizing the desired cubic perovskite lattice. For example, CsPbBr 3 solar cells kept in 60−70% RH air over 15 days were shown to have minimal degradation, while MAPbBr 3 cells dropped 80% in performance. 58 However, CsPbI 3 or FAPbI 3 cells are notoriously sensitive to moisture and easily convert from the black perovskite to yellow hexagonal (FA) and orthorhombic (Cs) phase, as will be discussed in section 5. 59,60 A more stable structure can be obtained by alloying multiple cations. Partially substituting MA + with a larger formamidinium (FA + ) cation can minimize moisture-induced volatilization of the organic cation. 61 The dipole moment of FA is ten times lower than that of MA due to resonance stabilization, 53 thus hydrogen bonds are weaker and it is less likely for FA to deprotonate. Alloying Cs in FAPbI 3 enhances storage stability of both perovskite films 32,62 and solar cells 63 in various humidity environments up to 90% RH.
Substituting a much larger organic cation on the A site in ABX 3 perovskites transforms the 3D perovskite to a 2D structure, with a general formulation of (A) 2 (MA) n−1 MX 3n+1 (n is an integer). Compared with their 3D counterparts, 2D perovskites are known for their superior moisture stability 66 due to the hydrophobicity of the large cation and highly oriented nature of the perovskite film, which prevents hydrate formation. 67 However, full-2D perovskites have lower solar cell performance due to a wider bandgap and directional charge transport. Three different routes have been taken to incorporate 2D perovskites into 3D structures: mixed directly into the bulk 3D structure (Figure 2a ), deposited at one interface, and coated onto the grains (Figure 2c ). Quan et al. systematically incorporated phenylethylammonium (PEA) layers into every n integer layers of the bulk 3D perovskite, and with the right tuning of n = 60, they were able to obtain 15.3% PCE solar cells with superior moisture stability compared to their n = ∞ (3D) counterparts (Figure 2a ). They claimed that the 2D perovskite acts as a capping layer.
Since the van der Waals interaction between the large organic cations are stronger, which results in a larger formation energy with 2D-incorporated 3D perovskite, it is harder for the perovskite to experience moisture-induced decomposition. 64 Grancini et al. demonstrated the second route of 2D incorporation at a single interface by adding a few percentage of aminovaleric acid iodide (AVAI) in the perovskite precursor solution, which resulted in 2D perovskite coating the mesoporous TiO 2 . They claim this 2D perovskite layer acts as an electron recombination barrier and a template for oriented growth of the 3D layer. Solar cells with this 2D/3D perovskite, a 1-μm-thick carbon electrode, and protective cover glass lasted a year under 1 sun at 55°C in ambient atmosphere (Figure 2b ). 29 The third route is passivating the moisturesensitive grain boundaries of 3D perovskite with 2D perovskite (Figure 2c ). 65, 68, 69 Wang et al. demonstrated that the 2D perovskite forms platelike crystallites at grain boundaries, which improved crystallinity and reduced defects in the crystal. As a result, they were able to obtain 17.5% PCE solar cells with enhanced stability under sunlight in ambient environment. 65 2.2.2. Modification of Perovskite Solar Cell Stacks. Passivating grain boundaries 70 and modifying the top perovskite surface are two simple routes shown to effectively minimize moisture-induced degradation of the perovskite absorber. Wang et al. reported that perovskite solar cells with average grain size of 678 and 297 nm degraded 15% and 95%, respectively, after 7 h of storage in 85% RH air. 71 Perovskites with larger grains have lower surface area/volume ratios and fewer defects, which usually reside at the grain boundaries, reducing the areas where moisture-induced degradation can occur ( Figure 3a ). 70 Larger grain size also results in higher solar cell performance 72 due to longer nonradiative lifetimes and larger diffusion length; 73 hence it is desirable for both efficiency and stability. Apart from utilizing 2D perovskite to passivate the grains as mentioned earlier, adding insulating molecules such as tetraethyl orthosilicate (TEOS) in solution can protect perovskite grains when moisture is present. Solar cells with TEOS retained 85% of their performance after 1200 h under 1 sun in ambient atmosphere. 74 However, the solar cell performance is limited to 12% PCE, most likely due to the insulating layer at the grain boundaries. Another method to modify the perovskite surface is to conformally coat the perovskite absorber with an interfacial layer that is thin enough to allow charge tunneling and thick enough to protect the perovskite from moistureinduced degradation. Several interlayers or surface treatment techniques have been demonstrated to enhance moisture stability of perovskite solar cells as summarized in Table 1 . One idea is to protect the perovskite from moisture with a 10cycle ALD Al 2 O 3 layer thin enough to let charge tunnel through to the top transport layer. 75 Another idea is to add an organic hydrophobic layer with long side chains to repel water from getting to the perovskite. 76−78 Unfortunately, solar cells suffer in performance due to poor charge transport along the long alkyl side chain.
The top charge transport layer can also be made hydrophobic to further prevent moisture from getting to the perovskite absorber. The majority of the perovskite community fabricates perovskite solar cells in a "standard" n-i-p structure with a TiO 2 electron transport layer on the bottom and a hole transport layer on the top of the perovskite absorber. The most commonly used hole transport layers, Li-doped 2,2′,7,7′tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (Spiro-OMETAD) and poly[bis(4-phenyl)(2,4,6trimethylphenyl)amine] (PTAA), are hygroscopic and allow moisture-induced degradation of perovskite in less than 48 h with the additional presence of heat. 51 There are alternative hydrophobic charge transport layers with improved moisture stability compared with Spiro-OMETAD. 51,79−91 We summarize promising attempts with impressive efficiency and stability in Table 2 and refer the reader to other review articles. 92, 93 Two types of transport layers proven to effectively delay moisture induced degradation are a single moisture resistant layer [i.e., random copolymer (RCP)] 88 and graded layers such as Spiro-OMeTAD with P3HT ( Figure 3b ). 79 While it is beneficial for the transport layers adjacent to the perovskite to be moisture resistant, a hydrophobic and noncorrosive top electrode can further prevent moisture from getting into the solar cell stack. Metals, including gold, can induce degradation of the perovskite solar cell, as described later in section 6. Therefore, two promising families of hydrophobic electrodes are carbon-and metal oxide-based electrodes. Several groups have fabricated solar cells with micrometer-thick carbon top electrodes, which have been shown to have impressive stability and have been summarized in previous review articles. 49, 92, 96 A combination of micronthick carbon electrodes on perovskites infiltrated through mesoporous ZrO 2 and mesoporous TiO 2 have enabled no change in performance for unencapsulated solar cells after 1 year of storage in 54% RH ambient air 97 and 1000 h under 1 sun in ambient air. 30 Impressively, continued performance improvements on this mesoscopic, metal-free architecture have led to power conversion efficiencies exceeding 15%, and WonderSolar in China has begun deploying it at the module level. 98−100 Different types of oxide contact layers have also been demonstrated to improve moisture stability: AZO/SnO x / Ag (300 h-50% RH), 101 SnO x /ultrathin Ag/SnO x (4500 h-50% RH), 102 AZO/ITO (200 h 1 sun, ambient 35°C), 103 and MoO x /Al (1000 h 0.77 sun 10−20% RH). 104 The results summarized in this section demonstrate that compositional tuning as well as hydrophobic device structure modification independently play roles in enhancing moisture stability of perovskite solar cells. Proper encapsulation of the solar cell, which will be covered later in the review, is also necessary to enable synergistic stability for outdoor operation.
OXIDATION AND PHOTO-OXIDATION
As discussed in the previous section, despite packaging that limits oxygen ingress into a solar cell, intrinsic stability to oxygen is desirable to minimize cost of packaging and prevent potential failures that occur even under excellent packaging. Light further accelerates oxygen-induced degradation in photooxidation, which should be understood to successfully prevent it in perovskite solar cells. There are several layers in a perovskite solar cell stack that can interact with oxygen, and these fall into two categories: charge transport layers and the active absorber layer.
Oxidation of Charge Transport Layers
The charge transport layers are typically made of either organic small molecules and polymers or inorganic materials such as oxides. The vast majority of perovskite solar cell architectures rely on at least one organic charge transporting layer, and small molecules and polymers are particularly susceptible to oxidation both in the ground and excited states. 41, 105 In bulk heterojunction (BHJ) organic solar cells, any defects created by oxidation can result in rapid recombination losses and reduction in charge separation and collection from the bulk of the device, dramatically lowering device performance. 41, 106 In perovskite solar cells, however, the organic materials only function as thin (10−200 nm) charge transport layers, and degradation mainly lowers the carrier mobility but not the carrier generation, recombination, or collection processes in the bulk of the perovskite layer, thus allowing for a wide window within which the organic materials can function effectively as they are oxidized.
In fact, some of the polymers and small molecules (such as PTAA and Spiro-OMETAD) used as hole transporters in perovskite solar cells actually require some oxidation to generate free holes (polarons) in the highest occupied molecular orbital (HOMO) level and enhance their p-type conductivity to reduce the series resistance in devices. 105, 107, 108 Though molecular doping strategies have been employed, the most effective doping strategy yielding the highest performance devices has resulted from the combined action of molecular oxygen in air together with a lithium salt (lithium bis-(trifluoromethane)sulfonimide, Li-TFSI) to drive the oxidation and make it irreversible. 105 However, this brings with it other concerns: the Li-TFSI salt used to drive the oxidation is highly hygroscopic, so that perovskite solar cells employing this additive suffer from rapid moisture induced degradation. 51 In addition, the Li cations can diffuse into the perovskite bulk, resulting in undesirable ionic transport and hysteresis phenomena. 109, 110 For these reasons, a great deal of research has been done to find a doping route that does not require molecular oxygen or lithium salts. 83, 111 One promising path uses a preoxidized salt of the hole transporter itself 89, 112 (e.g., Spiro-OMeTAD + TFSI − ), resulting in devices with remarkably improved stability that can withstand 1000 h of operation under one sun illumination in air. 104 For further details on the interaction between organic semiconductors and oxygen, we direct the reader to reviews on oxidation of some of the organic hole transporters and electron transporters used in perovskite solar cells and reviews on stability of organic photovoltaic, dye sensitized solar cell, and organic lightemitting diode devices. 40,41,113−115 Oxide transport layers such as TiO 2 , SnO 2 , MoO x , and NiO X are also often employed in the most efficient perovskite solar cell devices. Oxides, however, are notoriously prone to interaction with atmospheric oxygen, especially when photoexcited by UV light. Different from most organic semiconductors, which will simply become oxidized (with the consequences described above), metal oxides can catalyze oxidative decomposition of other materials in contact with them. In fact, the most commonly used metal oxide in perovskite solar cells, TiO 2 , is a well-known photocatalyst used for water splitting and photocatalytic decomposition of organic materials. 116−118 Oxygen is readily adsorbed at oxygen vacancies in TiO 2 , from where it can form reactive superoxide species upon UV light exposure. These superoxide species will eventually oxidize most materials they contact, including metal halide perovskites. 117−120 Quite clearly, this has implications to perovskite solar cells employing such reactive metal oxide contact layers. Li et al. 120 compared the photocatalytic activity of TiO 2 and TiO 2 layers modified with CsBr and found a greatly reduced activity for the modified layers that resulted in substantially improved perovskite solar cell stability under UV exposure in ambient conditions. Similarly, Christians et al. recently demonstrated that it is critical to replace TiO 2 with SnO 2 electron transport layers to enable 1000 h of operation under full spectrum irradiation. 104 Alternatively, thin layers of fullerenes have been demonstrated to improve the atmospheric stability of TiO 2 -based solar cells. Of course, it is possible to employ UV filters to prevent such effects, as will be further discussed in section 4. NiO X is commonly used as a hole transporting layer, but its stability to oxygen and UV light has not been thoroughly investigated; it is also a common photo catalyst for water splitting 121, 122 and can be oxidized to form Ni 2 O 3 . The implications are not yet clear for perovskite solar cells, but initial tests demonstrate that unencapsulated NiO Xbased solar cells can operate for over 1000 h under 1 sun intensity. 27 Further studies should evaluate the combination of UV and oxygen on the stability of NiO X -based hole transport layers in perovskite solar cells.
Oxidation of the Perovskite Active Layer
Metal halide perovskites were demonstrated, early on, to be relatively stable to oxygen when left in the dark, indicating that the materials are relatively stable in the ground state. 51, 123 However, it has become apparent that metal halide perovskites can rapidly decompose in the presence of both oxygen and light ( Figure 4 ). In fact, an early report demonstrated that devices made with MAPbI 3 absorbers degraded by 20% within just a few hours of 1 sun exposure in the presence of oxygen. 124 Several articles by Haque et al. have thoroughly elucidated the reaction mechanism and highlight the importance of defects, particularly iodide vacancies, in governing photodecomposition in presence of oxygen. 3,125−128 They found that diffusion of molecular oxygen into the bulk of MAPbI 3 films occurs immediately upon exposure and is complete within an hour, with oxygen adsorbing at and diffusing through iodide vacancies at both the surface and in the bulk of the crystallites. 3 Iodide vacancy densities have been predicted to be intrinsically high and can be generated rapidly upon photoexcitation. 2, 129, 130 These sites occupy a similar volume to molecular oxygen, offering a facile path for oxygen into the perovskite lattice. Once adsorbed at vacancy sites, the molecular oxygen will effectively trap electrons in the conduction band of photoexcited perovskite to form charged and highly reactive superoxide O 2 − , which in turn initiates an acid−base reaction with the acidic A site cation in hybrid metal halide perovskites. The result is the creation of water, deprotonated A-site gas, and lead iodide. The reaction rate was found to be influenced by both grain size and defect density, with larger grains with passivated defects exhibiting much slowed reaction kinetics. 3 The implication here is that it is critical to control the density of iodide vacancies in perovskite films as they both enable diffusion of oxygen into the bulk of the material and act as reaction sites at which oxygen can adsorb and initiate the photo-oxidation of metal halide perovskite materials. Saidaminov et al. have detailed this vacancy control through the addition of cadmium to the perovskite as a B-site dopant, positing that the smaller cadmium cations relax local lattice strain, suppressing vacancy formation and resulting in an order of magnitude increased stability in ambient air. 131 An additional insight can be gained from understanding that the degradation mechanism involves an acid−base reaction between the superoxide and A-site cation species; it follows naturally that perovskite with less acidic cations such as formamidinium or cesium will be much more stable to photooxidation.
Metal halide perovskites based on tin(II) as the B-site metal are much less stable to oxygen than lead-based perovskites and oxidize even in the dark, because tin(II) is susceptible to oxidation to the tin(IV) state. As a result, early reports of MASnI 3 perovskite solar cells demonstrated that the devices could not be exposed to air for more than several seconds before they suffered from rapid degradation. 132, 133 They also reported that contamination in the precursors could result in oxidation. 133 Still, tin halide perovskites are exciting because they provide the most promising route to lead-free materials, and because they open up a range of small bandgaps (1.18−1.4 eV) when alloyed with lead. 134, 135 The latter property enables perovskite-perovskite tandem solar cells, which offer an exciting opportunity to achieve >30% solar cells at low manufacturing costs. 135 As a result, stabilizing tin-based perovskite materials is a high priority. Fortunately, it appears that alloying a stable 2 + metal on the B site with tin(II) can slow the oxidation rate dramatically. 136 We recently elucidated the oxidation mechanism of ASnI 3 perovskites, 136 
We found that the formation of SnI 4 drives the oxidation as it enables a low energy pathway to oxidation by minimizing the number of Sn−I bonds that are broken. This pathway is only accessible if there are multiple adjacent tin(II) iodide octahedra so that iodine can migrate from one Sn atom to another to form SnO 2 and SnI 4 . As the B sites are occupied by elements that only exist in the (II) oxidation state such as lead(II), however, this pathway is slowed and the probability of SnI 4 formation is reduced because there are fewer adjacent tin(II) iodide octahedra. Rather, I 2 must be formed along with SnO 2 and PbI 2 : This reaction requires breaking twice as many Sn−I bonds, resulting in higher activation energies. Compared to pure tin perovskites, we found that at 150°C, the 1/e lifetime for oxidation of perovskites containing 50% tin was almost 5 times longer and over 50 times longer for perovskites containing only 25% tin, as shown in Figure 5 . Fortuitously, the most efficient and smallest bandgap materials are in the range of 50% Sn and 50% Pb, so tandem solar cell efficiency does not need to be significantly sacrificed for the sake of stability. Indeed, perovskite-perovskite tandem solar cells with 19% efficiency were recently demonstrated with a tin-containing bottom cell that maintained full performance after aging at 85°C for 150 h in air. 137 It will be interesting to determine if substitution of other elements on the B site can similarly stabilize tin(II) perovskites.
Oxidation of tin-based perovskites can also be slowed by incorporating large organic cations such as phenethylammonium to form platelets of 2D perovskite material at the grain boundaries of the 3D materials. 138 This strategy has resulted in the highest performing and most stable pure Sn (II) based perovskite solar cells. As discussed in section 2, it is suggested that these layers of 2D materials are intrinsically more structurally stable, limiting their ability to be oxidized, and that the large cations also present barriers to diffusion species such as oxygen and water. Adapting this strategy to mixed B site compositions may result in even more enhanced stability.
STABILITY UNDER ILLUMINATION
While atmospheric stressors such as oxygen and humidity can be kept at bay by use of thorough packaging, a semiconductor must simply be intrinsically stable to light exposure to be able to operate as a solar cell for >25 years. Validating that a material does not degrade upon prolonged light exposure is often a first step to evaluate whether the chosen active material is suitable for photovoltaic devices. Here, we discuss mainly the influence of light on perovskite solar cells in the absence of any other environmental factors, having discussed the combined influence of light with oxygen and moisture above. One of the first articles on metal halide perovskite solar cells demonstrated that encapsulated MAPbI 3 films could be exposed to 1000 h of full spectrum simulated AM1.5 irradiation and not show any signs of decomposition as probed by their absorption spectra. 139 This result is supported by numerous reports of cells maintaining their full current generation over the course of hundreds of hours of light exposure. 7,27,30,33,140−146 However, just because there is no observable change in a material's photocurrent output and above bandgap absorption spectrum does not mean that there are no photoinduced changes at all, nor does the ability of one perovskite structure to be photostable mean that all perovskite compositions are photostable. In fact, there are many studies that report that significant changes occur in perovskite films during illumination, including halide segregation, ion migration, and compositional degradation. 2,147−149 While these phenomena present complex challenges to the perovskite community, photoinduced changes may also be beneficial, as they are in other thin film solar cells. For example, in CIGS solar cells, light soaking causes metastable defect reactions with generated charge carriers that lead to increases in open circuit voltage, conductivity, and fill factor, 37,150 all of which have also been reported in perovskite solar cells. 2, 148 Understanding similar defect reactions in perovskites will be critical to predicting their behavior at long and short time scales under illumination.
In addition to the absorber layer, the charge transport layers used in perovskite solar cells exhibit variable photostability, limiting the stability of some types of perovskite solar cells. We briefly discuss the influence of light exposure on the charge transport layers but mostly focus on the influence of light on the perovskite layer itself. Finally, we discuss some observations on full solar cells and attempt to rationalize them.
Photostability of Charge Transport Layers
We already discussed the influence of oxygen and light on the organic semiconductors used in perovskite solar cells. However, organic materials in inert environments can still undergo changes when in the excited state. Mateker et al. 41 reviewed the photoinduced degradation pathways in organic solar cells. Organic semiconductors can form free radicals in the excited state, which can be paired with breaking of carbon−carbon, carbon−nitrogen, and carbon−oxygen bonds typically on side chains of the conjugated backbone. 41, 151 Under inert conditions, this can result in cross-linking of various free radical species and effectively increases the disorder in the semiconductor films. In the case of fullerenebased materials, often used as electron transport in perovskite solar cells, photodimerization under photoexcitation creates disorder and inhibits charge transport. 106 Again, the effects here are unlikely to be extremely deleterious to perovskite solar cells as these organic semiconductors are not part of the light absorbing layer of the solar cell. Indeed, solar cells using both small molecule hole transport materials 104 as well as solar cells using fullerene electron acceptor materials 27, 141, 144, 146 have been demonstrated to perform stably after hundreds of hours of continuous illumination under 1 sun. It appears that perovskite solar cells are robust against minor photoinduced degradation within the organic charge transport layers. TiO 2 electron transport layers, on the other hand, have been reported to be extremely unstable to UV light not only in the presence of oxygen but also even in inert conditions. An early report 7 described that photoinduced desorption of oxygen from oxygen vacancies on TiO 2 surfaces results in rapid trapinduced recombination across the TiO 2 interface. Devices showed rapid decay in open circuit voltage and photocurrent with hours of UV light exposure in inert conditions. Since this degradation pathway induces rapid recombination across the TiO 2 −HTM or the TiO 2 −perovskite interface, this is an example where changes in the charge transport layer result in drastic loss in device performance. Replacing the TiO 2 electron transport layer or using a UV filter eliminates this degradation pathway, and several groups have opted to use fullerene or tin oxide electron transport materials for this reason. Bella et al. 26 demonstrated the use of a down-converting fluoropolymer that is able to transmit the incoming UV light onto the perovskite layer as visible light, ensuring that the TiO 2 layer cannot be photoexcited while also ensuring that no photocurrent is lost from the device.
Light-Induced Effects on Ion Distribution in Metal Halide Perovskites
Early promising reports on perovskite solar cell stability under light were primarily done on a simple perovskite composition: MAPbI 3 . Several groups have demonstrated that the optoelectronic properties of even this simple composition undergo changes under illumination. DeQuilettes et al. demonstrated that the photoluminescence of MAPbI 3 films increases in intensity over many minutes under a 1 sun equivalent irradiation intensity. 149 This rise in photoluminescence intensity was correlated with migration of I − species away from the illuminated area. This study provided some of the first direct physical evidence for iodide migration in metal halide perovskite films. The exact mechanisms for this photobrightening effect remain elusive, but it is clear that it is related to the slow diffusion of ionic species throughout the perovskite film and hence is likely also related to the presence of point defects, particularly halide vacancies. Another study by the same group found that combining light exposure with oxygen and humidity exposure resulted in even more drastic improvements to photoluminescence intensity, resulting in internal photoluminescence quantum yields approaching 90% and improved open circuit voltages in corresponding solar cells. 152 Here, an additional passivating effect of superoxide molecules was proposed, where molecular oxygen can adsorb to surface-trapped electrons and form a stable and passivating superoxide-defect complex that moves the defect energy level outside of the bandgap. When also exposed to humidity and light, an amorphous shell of passivating PbI 2 was proposed to form, resulting in long-lived passivation. We have already discussed the influence of atmospheric oxygen and humidity on decomposition in perovskites; it seems that there is a delicate balance between passivation and degradation under certain conditions. It is probably better to use other passivating methods that do not introduce a species that could penetrate the perovskite film and damage it.
4.2.1. Hoke Effect: Light-Induced Halide Segregation. As perovskite compositions have become more complex in efforts to tune the bandgap by Br substitution on the X site 18, 153 and to improve thermal stability by Cs and FA substitution on the A site, 27 exposure, APb(Br y I 1−y ) 3 perovskites undergo reversible phase segregation into Br-and I-rich perovskite phases; this observation aligns well with the aforementioned observation that light induces migration of halide species in perovskite films. When the light is removed, the materials regain their normal compositional distribution. This phase segregation means that the smaller bandgap iodine-rich phase inclusions are effectively carrier trapping domains, as evidenced by the fact that all of the photoluminescence in such phase segregated materials comes from a low energy state. This phenomenon has since been branded as the "Hoke effect" and provided some of the first definitive evidence that the ions in the perovskite structure can be mobile and that phase segregation can occur in materials containing both Br and I on the X site. The phenomenon typically only manifests itself for compositions with Br contents greater than 20%, so materials that use small amounts of Br to facilitate crystallization or perform minimal amounts of band gap tuning tend to not suffer from the Hoke Effect. This phenomenon presents a large problem to the perovskite solar cell research community, since one of the most attractive uses of perovskite semiconductors is in tandem solar cells where desirable bandgaps for the top cell are 1.7−1.8 eV and halide tuning is currently the most attractive way to achieve efficient, high-bandgap perovskite solar cells. 27,135,154−156 Several models have been proposed to explain the Hoke Effect, but none have been conclusive. 157−162 Since the Hoke Effect is reversible and might not be a mechanism of long-term degradation, we refer readers to reviews and recent papers on the subject and will not further discuss the subject here other than to say that the Hoke Effect is an example of interesting behavior not seen in most photovoltaic materials that can be attributed to ionic movement. 157, 163 The full implications for this ionic movement on long-term stability are not yet fully understood. Figure 6 demonstrates that while the halide and lead distributions remained unchanged throughout the depth of the device, there was a remarkable shift in Cs + content from the bulk of the material to the hole transporter after 25 h of illumination. The formamidinium and methylammonium cations were also redistributed throughout the bulk of the device. Remarkably, these compositional changes, which were linked to an irreversible degradation in device performance, occurred when a TiO 2 electron transporter was used, but not when a SnO 2 layer was employed. This result provides further evidence for light-induced compositional changes in perovskite solar cells, which appear to present larger problems as the compositions become more complex. Domanski et al. 164 demonstrated a similar effect using FA 0.83 MA 0.17 Pb(I 0.83 Br 0.17 ) 3 based solar cells; large changes in compositional distribution were observed after several hours of operation under illumination, in line with a reversible relative drop in efficiency by up to 15%. The combination of both light and electrical bias was found to be required to observe the phenomenon. The changes were assigned to migrating halide vacancies at early times (tens of seconds) and longer-term (hours) changes to the A-site cation distribution. A-site engineering has been employed to improve the structural stability of the perovskite material, 32 but it is critical to determine whether the improved structural stability in the dark translates to structural stability in the light or whether miscibility gaps appear in the compositional spaces for materials in their excited states.
On the other hand, devices made in our laboratory in the pi-n architecture using FA 0.83 Cs 0.17 Pb(I 0.83 Br 0.17 ) 3 have not shown this type of reversible, light-induced drop in performance, with the performance only climbing over several hours of illumination and retaining the starting performance over the course of 1000 h of unencapsulated operation. 27 A similar result was obtained recently in p-i-n solar cells using NiO X as the hole transporter and a FA 0.7 MA 0.25 Cs 0.05 PbI 3 active layer; the device performance rises steadily from under 15% to over 20% over the course of 2 h of illumination. 148 This improvement was assigned to lattice expansion and a reduction in strain at the NiO X contact to reduce nonradiative recombination and boost the open circuit voltage up to 1.08 V from less than 0.8 V. The devices only displayed a slow reduction in performance over the course of many hundreds of hours, inconsistent with the results described by Domanski et al. 164 An additional encouraging result is the ability of FTO/ SnO 2 /PCBM/FA 0.83 Cs 0.17 PbI 2.7 Br 0.3 /PTAA/Au solar cells to maintain 91% of their initial performance after 150 h at a concentrated illumination of 10 suns. 33 These findings oppose the idea that there is a light-induced and reversible degradation process that reduces the performance of any perovskite solar cell over several hours regardless of composition or device structure. We urge caution in claiming generality in observed behavior; different compositions and device structures are likely to respond differently to the same stimuli due to varying populations of point defects, point defect mobility, crystal size, and other factors. 
Photochemical Reactions
The text above focuses on direct experimental evidence for photoinduced changes in A-site and X-site ion and vacancy distributions. The mechanism behind these changes, however, remains elusive. We suggest that when considering lightinduced compositional changes, one should consider the possible influence of light on defect chemistry alongside possible structural changes and associated defect formation. A good starting point could be to consider a simple analog that has been well studied: metal halides. Metal halides are known to photodecompose. The most obvious example is the photodecomposition of silver-halide, which decomposes to silver and halogen upon photoexcitation and formed the basis for early photography. 166 This process requires carrier trapping at defect sites for there to be a large enough population of excited electrons for the reduction of silver ions to occur. A similar effect has been proposed in PbI 2 , where carriers trapped at iodide vacancies oxidize iodide to iodine and reduce Pb 2+ to Pb 0 . 167, 168 Recently, a similar reaction mechanism has been proposed for lead halide perovskites ( Figure 7 ). Kim et al. demonstrated that illumination dramatically increases the halide vacancy concentration, resulting in increased ionic conductivity. 2 This observation is consistent with multiple other studies reporting an increase in ionic conductivity under illumination. 169, 170 Kim et al. propose that iodide ions in the lattice are oxidized by photogenerated holes, resulting in coupled formation of neutral iodine interstitials and iodide vacancies. Because neutral iodine is smaller in size than iodide, it can be removed from the lattice and fit in an interstitial site. This process is described in defect notation as follows:
Eventually, this process could lead to irreversible decomposition to metallic lead, neutral iodine, and AI if the generated neutral iodine is removed via sublimation or reaction with a solar cell contact. Indeed, several studies performing X-ray photoemission spectroscopy (XPS) have reported the appearance of Pb 0 after tens of minutes to hours under multisun illumination. 165, 171, 172 The Pb 0 intensity partially decreased when the illumination was removed, indicating that under the measurement conditions the reaction was only partly reversible. Because these measurements are performed under ultrahigh vacuum, some of the neutral iodine that was formed vaporized, driving the reaction further than would be expected under normal solar cell operation and making it irreversible.
The proposed mechanism requires a high hole density to oxidize iodide and form interstitial iodine. Several reports correlate long-lived, high hole populations in MAPbI 3 with electron trapping and slow subsequent recombination. 173, 174 Thus, lowering the defect concentration of fresh films would then lower hole densities and be crucial to slowing the formation of interstitial iodine. However, such a reaction may set a limit to the obtainable photovoltage since a large voltage implies a large quasi-Fermi level splitting, which requires high carrier density.
It is unclear what the implications are for more complex perovskite compositions containing multiple halide or metal species. If one of the species is more prone to forming photoinduced vacancy and interstitial pairs then one species might become more mobile than another and segregation of the species accompanied by spatial variations in band gap might occur. Though not yet fully explored, there is likely to be a strong link between the phenomenon of light-induced halide vacancy creation and the light-induced ionic migration and segregation measured in full solar cells.
It will be important to determine whether the oxidation of lattice halide is fully reversible and also where the equilibrium between interstitial and lattice halogen lies under solar cell operation if there is no "halogen sink" such as vacuum or a reactive metal electrode (see section 6), as could be achieved with impermeable and nonreactive contact layers. The reports of increased ionic conductivity and appearance of Pb 0 upon illumination imply that this reaction could result in rapid increases in vacancy concentration and eventual photodecomposition. However, experimental evidence of perovskite solar cells maintaining their full performance over the course of 1000 h of continuous illumination 27, 104, 175 suggests that the vast majority of the neutral halogen interstitials are not removed from the film within this time scale and temperature range and that the equilibrium of this reaction lies within a benign range of vacancy concentration that does not significantly hinder the performance of the solar cells. In addition, MAPbI 3 films do not suffer from any degradation (as measured via UV−vis absorption and XRD) over an hour of exposure to 100-sun equivalent concentrated sunlight. 176 Similarly, modestly performing devices from as early as 2014 do not suffer from significant degradation under concentrated >40 sun equivalents for 60 h. 177 These results under concentrated light conditions suggest that the photodecomposition mechanism need not necessarily result in rapid degradation even in devices with high carrier densities under operation, which is a promising indication that even very efficient devices with high quasi-Fermi level splitting may not suffer significantly from these photoinduced reactions.
Dependence of Photoinduced Degradation on Operating Voltage
Solar cell degradation is usually assessed at short circuit, the maximum power point, or open circuit. Arguably the performance at the maximum power point is the most important, but researchers who do not have the electronics to hold a large collection of cells at this point often connect the electrodes to put the cells at short circuit or just leave the cells under light with no connection to the electrodes. Typically, photoinduced degradation in any kind of solar cell is faster at higher voltage since carriers drive the degradation reaction and their concentration increases with voltage. This trend will likely be the case for the photochemical changes discussed in the section above on photochemical degradation. However, because metal halide perovskites are ionic in nature and contain charged defects that enable high ionic conductivities, some perovskite devices degrade in performance more rapidly at lower voltage. Though not yet fully explored, longer term accumulation of ionic defects at a particular contact could initiate chemical reactions that might result in irreversible degradation. 15 The acceleration of this process at reverse bias will be discussed in section 9.
Some high performance perovskite solar cells (in the n-i-p structure) were found to be more stable at the maximum power point than either short or open circuit. 178 Other devices, also in the n-i-p structure, however, have demonstrated identical and considerably slower degradation at both open circuit and the maximum power point. 65 There are no studies of perovskite solar cells where aging at short circuit resulted in longer lifetimes than at maximum power or open circuit. A key takeaway from these studies is that the most relevant aging tests must be performed at the maximum power point rather than short or open circuit conditions.
Promising Examples of Photostability
There are multiple pathways by which light can degrade the performance of perovskite solar cells. Unfortunately, it is difficult to deconvolute the influence of the charge transport layers, perovskite composition, and electrical conditions. Nevertheless, some very promising results have been obtained, with multiple groups demonstrating over 1000 h of operation under illumination with negligible drops in performance. 27, 104, 175 It is critical to choose stable contact layers (such as SnO 2 , fullerenes, and NiO X ), and much work continues to be done to further stabilize the perovskite absorber. Some of the most impressive photostability has been exhibited by Ruddlesden−Popper or mixed 2D/3D perovskite structures. 29, 66, 144, 179 The large cations used in such structures have been reported to suppress ion diffusion; perhaps these can slow photodecomposition by minimizing vacancy migration and accumulation. The performance of mixed dimensionality perovskite structures has now exceeded 17%, 65, 180 so this strategy may provide a promising path to efficient solar cells with improved stability over their 3D counterparts. Select promising results are depicted in Figure 8 .
THERMAL STABILITY IN AN INERT ATMOSPHERE
Thermal stability of perovskite solar cells and an understanding of how the stability scales with temperature is important for four reasons: (1) an annealing step is required to form many perovskite films and contacts, (2) module encapsulation processes typically exceed 140°C for short periods of time, (3) solar cells routinely reach 65°C in hot climates, 181 and (4) testing at high temperatures accelerates chemical reactions and degradation processes that may occur on the time scale of years in the field. Here, we first discuss the thermal stability of the perovskite material itself (i.e., structural and decomposition stability of films or single crystals) and then move on to explore thermal stability of perovskite solar cell devices as a whole.
Perovskite Structural Stability (Phase Stability)
A particular concern for organic−inorganic lead-halide perovskite compounds is the ability of the compound to remain in the desired photoactive structure during processing, encapsulation, and use, without reverting to a nonphotoactive phase or segregating into several phases. This structural stability of ABX 3 perovskite can be framed in terms of the Goldschmidt tolerance factor, t: where r A is the radius of the A cation, r B is the radius of the B cation, r X is the radius of the anion, and perovskite structures are formed when t is between 0.71 and 1. 182 This framework suggests FA cations are too large for the perovskite structure and Cs cations are too small, tending to form the nonphotoactive, yellow delta phase at room temperature (see Figure 9a ), 32 while methylammonium (MA)-based perovskites have a tolerance factor of 0.91 and exist in a black, photoactive tetragonal or cubic structure throughout operational temperatures, which range from −15 to 65°C. 181, 183, 184 While pure FAPbI 3 can be frozen in a metastable, black perovskite phase at room temperature after quenching, it typically reverts to the nonphotoactive delta phase within several hours or days (Figure 9b ). This quenching route does not give metastable black films for CsPbI 3 , which reverts to the yellow delta phase. However, limiting crystal size in quantum-dot films or adding surface additives in films can form metastable alpha phase CsPbI 3 films at room temperature. 185−189 Thus, MAPbI 3 compounds are more structurally stable than their FAPbI 3 and CsPbI 3 counterparts. However, MA perovskites are less resistant to thermal decomposition, as we will discuss in the next subsection, motivating the push to stabilize alternative compounds through A-site, B-site, or X-site mixing strategies (Figure 9b ). These mixtures may have tolerance factors calculated with average site radii that allow for structurally stable perovskite phases and provide the added benefit of bandgap tuning for desirable optoelectronic properties. 32, 62, 153 The phase stability of common perovskite compounds is shown in Table 3 . The A-site cation seems to have the largest effect on thermal stability, through the structural effect of the cation on the leadhalide octahedra interactions and the higher volatilities of organic compounds compared to inorganic salts. FAMA, FACs, and FAMACs compounds are structurally stable at room temperature across a wide alloying range and show improved photovoltaic performance over their single-cation counterparts. 19, 31, 32, 184, 197 A recent addition to these popular three cations has been rubidium, which has been incorporated in both triple-cation and quadruple-cation architectures. 21, 198 S a l i b a e t a l . m a d e a q u a d r u p l e -c a t i o n FA 0.75 MA 0.15 Cs 0.05 Rb 0.05 Pb (I 0.83 Br 0.17 ) 3 perovskite that achieved power conversion efficiencies of 21.6% and 500-h stability at 85°C under full illumination in nitrogen, 21 and the same group has followed this up with a MA-free Rb 0.05 Cs 0.1 FA 0.85 PbI 3 composition with an efficiency above 20% and excellent stability under illumination in nitrogen. 198 The good stability of the rubidium-containing compounds is attributed to increased entropy of mixing and the removal of the volatile MA cation. The exact mechanisms of rubidium incorporation are still being researched, and some recent work has highlighted the tendency of rubidium-containing compounds to form nonphotoactive secondary phases. 199, 200 B-site mixing is less common than A-site mixing and has typically involved either Sn−Pb mixtures to achieve low bandgap solar cells 24, 135 or alloys to completely replace Pb. Sncontaining compounds, while structurally stable, 59 need to Originally thought to be trigonal, recent reports indicate cubic symmetry. 194 The α phase is metastable and reverts to the yellow δ phase within hours to days. 59,194 b May suffer from photoinduced halide phase segregation, see section 4.2. 31 overcome oxidation of the Sn cations, as is discussed in section 3 of this review. Alloys, such as AgBi compounds, to replace Pb have thus far not been able to reproduce Pb-based perovskite optoelectronic properties, and we direct the reader to several other reviews on the subject for further discussion. 201, 202 Anion mixing is much more common than B-site mixing and has proven to improve structural stability of the resulting compounds, especially with mixtures of Br and I. 18 For example, adding Br to CsPb(Br x I 1−x ) 3 compounds shrinks the space for the A-site to provide a better fit for Cs and allows them to be synthesized well below the delta to alpha transition temperature of 315°C for CsPbI 3 . These compounds remain stable at room temperature. 203, 204 FA 0.83 Cs 0.17 Pb(I 1−x Br x ) 3 compounds form a single phase across the entire Br−I composition range and demonstrate good thermal stability. 31 However, halide segregation can occur in the presence of light, as is discussed in section 4 of this review.
Chemical Reviews
In addition to phase changes from photoactive to nonphotoactive phases (α to δ), several perovskite compounds undergo phase changes between photoactive phases (α to β) at operational temperatures, as shown in Table 3 . The common MAPbI 3 perovskite transitions from its room temperature tetragonal phase to a cubic phase at roughly 55°C 191, 192 and the mixed A-site cation FA x MA 1−x PbI 3 materials have the low temperature tetragonal to high temperature cubic transition slightly below room temperature. 184 While the tetragonal to cubic phase transition results in very slight rearrangements that have minimal impact on photovoltaic performance, it is yet to be determined whether there are any long-term consequences of repeated phase changes over the lifetime of a solar cell. 205 The extremely broad range of potential perovskite compounds presents new research opportunities in exploration and refinement of the phase space, especially in verifying the thermodynamic stability of many mixed-cation and mixedanion compounds, and there are several reviews that provide a more in-depth study of the current state of the perovskite compositional space. 206, 207 It is possible that many of the mixed-cation and mixed-anion compounds used in perovskite solar cells are metastable and will segregate or revert to a nonphotoactive phase over long periods of time or under light, as discussed in section 4. Theoretical studies may offer powerful insight and predictive capabilities in determining which metal halide perovskite phases are stable; however, current studies using density functional theory (DFT) and other first-principles calculations are often conflicting, highlighting the necessity of combined experimental and theoretical efforts to understand phase stability of these materials. We encourage reports of new perovskite mixtures to include studies examining extended structural stability against phase segregation or phase transitions across operational temperatures.
Resistance to Perovskite Decomposition
While structural stability over the operational temperature range of approximately −15 to 65°C is a prerequisite for perovskite thermal stability, 181 resistance to thermally activated chemical decomposition and reactions must also be achieved for stable perovskite solar cells. Early studies using thermogravimetric analysis (TGA) showed that MAPbX 3 films decompose in multiple steps. In general, there is a broad regime of sublimation of the organic and halide components, followed by thermal decomposition of the remaining metal halides at much higher temperatures: For example, in films containing Cl precursors, the CH 3 NH 3 Cl sublimes first, followed by HI and then CH 3 NH 2 between 250 and 400°C, leaving behind PbI 2 , which then decomposes at temperatures above 600°C. 6, 59, 108, 208 We note that there is still some debate as to what the exact thermal decomposition products are for MAPbI 3 and it is possible that it is dependent on a variety of factors such as processing, substrate, or contact materials. While TGA studies of most perovskite films show no mass loss at annealing temperatures (<140°C) or operational temperatures (<65°C), additional studies of annealing MAPbI 3 in vacuum or dry air at temperatures of 120−140°C have indicated that PbI 2 could form within 30 min at temperatures much lower than the TGA-determined sublimation temperatures of organic and halide species. 5, 6 Hence, thermal stability of perovskite films is a concern at typical film annealing temperatures and times, and care must be taken to find the balance between driving away excess solvent and decomposing the newly formed perovskite. Beyond device annealing, these temperatures are relevant for lamination of solar modules, which typically occurs at 140−160°C. 12 At even lower temperatures, perovskite films can degrade over long periods of time through volatilization of halide species and the organic cation, especially with MA-containing compounds. Conings et al. was one of the first to report formation of PbI 2 at 85°C within 24 h by heating MAPbI 3 films in ambient air, oxygen, and nitrogen environments (see Figure 10a ). 4 It is likely that decomposition at these moderate temperatures is due to defective surfaces and interfaces having much lower energetic barriers to decomposition. Fan et al. used a variety of in situ TEM experiments to describe layer-bylayer decomposition of the MAPbI 3 structure to trigonal PbI 2 at the surface within minutes when held at 85°C ( Figure  10b ). 211 In a similar experiment using in situ synchrotron grazing incidence X-ray diffraction, Kim et al. reported a structural change at the surface of MAPbI 3 films to an intermediate phase upon heating at 80°C for one hour, followed by escape of CH 3 I and NH 3 . 212 The surface-mediated decomposition of MAPbI 3 suggests that much improved thermal stability can be achieved through passivation and encapsulation of the surface of the perovskite. Indeed, as will be discussed below, the incorporation of MAPbI 3 into thermally stable device stacks can result in much-improved stability compared to the stand-alone films or single crystals. As was discussed in section 2, 2D perovskites offer an exciting option to passivate or encapsulate their 3D counterparts, 66, 67, 144 either through templating 3D growth, 29, 30 addition into the bulk, or formation of thin layers at grain boundaries. In one example, Lin et al. reported that nbutylamine (BA) can react with MAPbI 3 to produce (BA) 2 PbI 4 layers on the 3D MAPbI 3 grains. The additional organic ligands protect the perovskite layer, and capacitance-frequency measurements suggest the suppression of defect formation during heating at 85°C for 20 h. 213 Thus, 2D-layered perovskites can suppress the surface-accelerated degradation that results in thermal instability of MA-based perovskites at moderate temperatures.
Even better stability can be obtained by substituting FA, Cs, or Rb cations for the MA cation. 198 This substitution delays the initial TGA decomposition step of perovskite films and improves the resistance to decomposition at operational temperatures. 186, 214 The increased stability may be due to an additional site for hydrogen bonding in FA, 215 the lower tendency for FA to release a proton than MA, inhibiting formation of HI, 62, 193 and the reduced volatility of CsI. We note that this substitution is typically only a partial substitution or a mixture of various A-site and X-site alloying in order to avoid the structural instability of the pure FAPbI 3 and CsPbI 3 compounds mentioned previously. FA 0.83 Cs 0.17 Pb(I 1−x Br x ) 3 compounds were reported by McMeekin et al. to be resistant to degradation over six hours at 130°C in an inert atmosphere, 31 and removing the organic components completely has allowed for stability at 180°C for 30 min in CsPbI 2 Br. 203 It is unclear whether partial substitution of MA is able to prevent the MA from volatilizing. Tan et al. report that the mixed cation and mixed anion compound (FA 0.83 MA 0.17 ) 0.95 Cs 0.05 Pb(I 0.83 Br 0.17 ) 3 decomposes in two steps during annealing at 150°C in air, the first of which has similar decomposition kinetics to that of a pure MAPbI 3 film, suggesting that the additional cations do not serve to stabilize the MA in the lattice. 216 
Device Thermal Stability

Device Architectures with Thermal Instabilities.
While the incorporation of other layers in the device can add a wide range of possible chemical reactions and instabilities, further complicating thermal stability studies, these additional layers can also improve stability of the perovskite layer itself through passivation and encapsulation. We will first discuss notable thermal instabilities of select perovskite solar cell device layers and then highlight architectures that have achieved impressive thermal stabilities.
Organic hole transport materials are prone to thermal instability, especially when additives are used to improve conductivity. PEDOT, a popular hole transport material, is known to have a variety of thermal stability problems in organic solar cells. 40 Another hole transport material (HTM), Spiro-OMeTAD, has been reported to degrade at high temperatures through multiple mechanisms. Bailie et al. reported that the additive tBP (4-tert-butylpyridine), used in Spiro-OMeTAD and PTAA HTMs, can evaporate at temperatures as low as 85°C, 217 and Malinauskas et al. also described that Spiro-OMeTAD can crystallize within a few hours at 100°C , degrading solar cell efficiency. 218 Jena et al. also reported void formation in Spiro-OMeTAD with tBP and Li-TFSI additives at 80°C for one hour, even without perovskite material underneath. 219 These issues have motivated the use of either more stable oxide contact layers or alternative dopantfree organic transport layers, as is discussed in several reviews. 220 While oxide layers tend to be thermally stable in isolation, they must also not have undesirable side reactions with the perovskite or other layers. One of the first indications of thermal instabilities between the perovskite and a contact layer occurred with ZnO, which was reported by Yang et al. to deprotonate the methylammonium cation and form methylamine gas and PbI 2 within 20 min upon heating to 100°C in air. 221 The acid−base reaction at the contact interface implies that preventing perovskite reactions with a less acidic cation such as formamidinium would help prevent decomposition of the organic from the perovskite. Several oxide layers such as SnO 2 and NiO X have been reported to enable good thermal stability in perovskite solar cells, as will be discussed below.
Another potential issue encountered upon adding contact layers to the perovskite is diffusion of mobile ions into the contact layers. 222 These thermally accelerated diffusion processes that may occur on longer time scales in the field can be assessed more rapidly at moderately elevated temperatures such as 85°C. Halides such as iodine and bromine have been reported to be the main culprits in elemental diffusion; for example, iodine has been shown to migrate into Spiro-OMeTAD during heating for 50 h at 85°C in argon, reducing the oxidized Spiro-OMeTAD and decreasing the conductivity of the transport layer. 223 Iodide has also been shown to diffuse into a fullerene contact layer deposited on MAPbI 3 over hundreds of hours, increasing charge transport of the PCBM layer through n-doping but also degrading the perovskite layer. 224 Extrinsic ions have also been reported to diffuse throughout the perovskite, affecting device hysteresis, and we would expect these processes to occur at elevated temperatures and with stronger electric bias. 109 Finally, metal contacts are notoriously prone to react with halides, creating an entire range of stability problems based on diffusion of metal or halides at elevated temperatures and under light. Section 6 is devoted to this important subject.
Chemical Reviews
Device
Architectures with Impressive Thermal Stability. Not all additional layers in the perovskite solar cell reduce thermal stability; in fact, select architectures can enhance thermal stability considerably. It is important to note that many of these excellent stability results are fabricated on thermally stable oxide transport layers, such as TiO 2 or NiO X , and use stable contact layers or barrier layers on top of the perovskite to suppress decomposition of the perovskite and reactions with metal electrodes. It is critical to cover the edges of the perovskite layer in addition to the top surface of the perovskite film, blocking any escape of organic and halide species that are known to decompose from the perovskite at these conditions. 10 Completely covering the edges in this way is especially important in a module, in which scribe lines act as potential sites for ingress of moisture and oxygen and egress of volatile decomposition products. 10, 225 Examples of stable electron transport layers or contact layers used in the "inverted" p-i-n architecture include ALD tin oxide for 3000 h of stability at 60°C in N 2 , 101,226 a Ti(Nb)O x on PCBM bilayer for 500 h of stability at 85°C when encapsulated with glass, 145, 146, 227 ALD Al-doped ZnO for 500 h at 85°C under illumination in ambient, 140 a cross-linked hexaazatrinaphthylene (HATNA) layer for 1000 h of stability at 70°C in N 2 , 228 or an ALD tin oxide transport layer and sputtered indium tin oxide (ITO) transparent conductor for 1000 h of stability of unencapsulated MAPbI 3 cells at 85°C in N 2 . 10 In the n-i-p architecture, replacements for Spiro-OMeTAD have yielded excellent stability, including using PTAA for 500 h of stability at 85°C under illumination in N 2 , 21 a novel, fluorene-terminated hole transporting material for 500 h of stability at 85°C in ambient air, 229 copper phthalocyanine (CuPC) for 97% of the initial PCE after 1000 h at 85°C, 230 EH44/MoO X /Al for 94% of initial PCE after 1000 h in air under 0.77 suns, 104 and PDCBT/Ta-WO X for 1000 h at 1 sun in N 2 . 231 Remarkable stability has also been shown in architectures that are "hole-conductor free", made by infiltrating porous layers of carbon, ZrO 2 , and TiO 2 . 29, 30 We note that stable architectures must prevent metal-halide reactions, and a sampling of cells made with thermally stable contact layers that act as diffusion barriers can also be found in Table 4 . Many of these results use the volatile MA-based perovskites, suggesting that cells made with more decomposition-resistant perovskite compounds would have even higher stabilities.
There is a balance between structural stability and decomposition stability that has been successfully managed through the use of mixed cation and mixed anion perovskites, many of which come with the additional bonus of improved optoelectronic properties. By carefully controlling interfaces and contact layers, it is possible to prevent moisture and oxygen ingress, metal-induced degradation, and surfacemediated decomposition through passivation. This enables long-term stability of perovskite solar cells, even at elevated temperatures.
REACTIONS WITH ELECTRODES
The propensity of almost all metals, even platinum, to react with halogen or halide species produced under the previously discussed stressors of humidity, oxygen, light, and heat is a critical concern for long-term stability of perovskite solar cells. 232 Worse, some metals can form redox couples with the perovskite itself, even reacting with PbI 2 . 233 While gold does not form a redox couple with perovskite, 7 it corrodes in the presence of reactive polyiodide melts, formed from perovskite decomposition in visible light. 234, 235 Thus, while some metals may be stable with respect to the perovskite structure, almost all metals react with decomposition products of the perovskite such as MAI, HI, CH 3 I, and I 2 that can be produced even in an encapsulated photovoltaic cell.
Reaction Mechanisms
There are three major mechanisms for metal-contact-induced degradation in perovskite solar cells, all of which cause device performance to drop significantly: (1) halide or halogen species, such as volatile perovskite decomposition products or halide anions, diffuse to the metal electrode, both corroding the metal and causing a halide deficiency in the perovskite absorber layer (Figure 11a ), 8 (2) metal contacts form a redox (Figure 11 , panels b and c). 9, 10 The reaction of halide or halogen species with metal electrodes has been demonstrated with a variety of metals and cell architectures under different external stressors. Han et al. reported the formation of AgI of encapsulated perovskite solar cells after 500 h at 85°C and 50% RH under 1 sun illumination. 236 A more in-depth study by Kato et al. detailed that volatile MAI, HI, or I 2 species could escape from the perovskite through the Spiro-OMeTAD and react with a silver electrode after aging devices in air or N 2 in the dark at room temperature for 3 weeks, as shown in Figure 11 . Notably, they observed iodine on the surface of the silver electrode within one hour of deposition and on gold electrodes as well. 8 Although this study was done on n-i-p architectures, Li et al. observed this behavior in p-i-n cells as well, detailing a migration of iodide species through PCBM to form AgI at the Ag electrode at 85°C in N 2 . 237 Thus, halide or halogen migration caused by light, heat, moisture, oxygen, or even applied field 238 can degrade metal contacts and the perovskite absorber. 224 Not only do metal contacts consume volatile halide species but they also accelerate the formation of volatile species through redox reactions that reduce Pb 2+ to Pb 0 . This was described dramatically by Zhao et al. with Al, Cr, Yb, and Ag films in inert or humid conditions, using FACs, CsPbI 3 , CsPbBr 3 , and even PbI 2 . 233 Diffusion of halide species, which can be assisted by moisture or light, couples the metal film and the cations in the perovskite. Redox chemistry suggests that specific metals are more stable than others. In the case of Ag, iodide is required to create a favorable oxidation potential, 233 and Zhao et al. reported that Cu in direct contact with MAPbI 3 was considerably more stable than either Al or Ag contacts, although CuI still formed upon annealing. 239 Metal can also diffuse from the electrode into the perovskite at moderate temperatures. Domanski under illumination (see Figure 11 ). 9 We observed a similar degradation mechanism in cells with Ag electrodes, reporting that metal could diffuse through cracks in a sputtered ITO film and an ALD SnO 2 film into the perovskite after 1000 h of heating at 85°C in a dark, N 2 environment. 10 To the best of our knowledge, these diffusion mechanisms have not been observed for other metals, although we expect that they extend to a variety of other metals. In fact, a recent DFT-based computation study reported that monovalent Pd, Cu, Ag, Au, Co, and Ni have very low diffusion barriers in perovskites. 240 The formation of metal halides with almost all metal contacts applied to perovskite solar cells and the diffusion of metals into the perovskite highlight the necessity of an excellent diffusion barrier to prevent these reactions, as we discuss in the next section.
Architectures to Prevent Metal-Induced Degradation
Metal electrode degradation has been mitigated either through alternative electrode layers or barrier layers between the perovskite and the metal electrode. Carbon presents an especially attractive alternative to metal electrodes due to cost-efficient processing, and some of the best stability results of perovskite solar cells are with carbon electrodes. 29,51,241−244 In addition, mesoscopic porous TiO 2 /ZrO 2 /carbon cells have achieved power conversion efficiencies above 15%. 98−100 Multiple reviews have outlined the significant work done to utilize carbon electrodes in perovskite solar cells, and we refer to these for a more in-depth discussion. 245, 246 Transparent conducting oxides (TCOs) are another potential replacement for metal electrodes, and ITO can improve stability of perovskite solar cells by a factor of 5000. 103 Unfortunately, carbon and TCO electrodes both have 2 orders of magnitude higher resistivity than metals, 247, 248 making metal gridlines on top of the TCO necessary for perovskite/silicon tandem solar cells on 6 in. wafers. Even in thin-film modules with scribe lines spaced 1 in. apart, it has been reported that metal gridlines can increase module performance. 249 Metal contacts also improve the efficiency of many perovskite solar cells by acting as rear reflectors that increase the effective path length of light, resulting in higher current and voltage. 250 The limitations of alternative electrode materials and the performance benefits of metal rear reflectors have led to the development of a variety of barrier layers to prevent metals from diffusing into and halogen species from diffusing out of the perovskite layer. Promising barrier layers include nanostructured carbon layers, 251 chromium oxide-metal bilayers, 252 copper phthalocyanine (CuPC), 230 molybdenum oxide/ aluminum bilayers, 104, 253, 254 ALD aluminum zinc oxide 140 or tin oxide layers, 101, 102, 226, 255 cross-linked charge-transport layers, 228 tantalum-doped tungsten oxide/conjugated polymer multilayers, 231 and transparent conducting oxides such as ITO (see Table 4 ). 10, 103 We note that all of the barrier layers above are either solution-processed or deposited on solutionprocessed layers. Indeed, we have seen that ITO layers do not form impermeable barriers when deposited on evaporated transport layers because the rough perovskite morphology propagates through the barrier, creating channels for diffusion. Upon planarizing the perovskite morphology with a spun PCBM layer, the subsequently deposited ITO layers were impermeable and effectively prevented egress of halide species and ingress of metals. 10 Thus, perovskite morphology can affect barrier quality, and we expect that further developments to improve the morphology of perovskite absorber layers will result in more impermeable barrier layers for stable perovskite solar cells.
Because of the volatile nature of halide species in perovskite solar cells and the high reactivity of many metals with halogens, barrier layers to prevent metal-induced degradation must be continuous and defect-free. Anything that exposes the edges of the perovskite allows for escape of volatile species that can react with metal electrodes, meaning that scribe lines in thin-film perovskite modules must be covered to prevent escape of volatile species. 10, 225 Continued aggressive stability testing needs to be done to prove the long-term feasibility of any of these barrier layers.
STABILITY UNDER MECHANICAL STRESS AND
RESISTANCE TO FRACTURE As discussed throughout this review, stability of perovskite thin films and solar cells is highly dependent on local bond environments. Dangling bonds at defective grain boundaries and interfaces must be passivated, mobility of halides and organic cations must be contained, and the perovskite lattice must exist in a structurally stable state in order to withstand moisture, oxygen, light, and heat that can act to disrupt the desired perovskite crystal structure. Thus, it is reasonable to expect that controlling mechanical stress and strain of the perovskite film, which can weaken bonds and decrease the energy for defects to form and move throughout the lattice, is critical to improving the stability of perovskite solar cells. Indeed, it has recently been reported that tensile stress in the perovskite film builds up during typical processing routes, leading to residual stress and strain that reduces intrinsic stability to moisture, heat, and light. 13, 14, 256 In addition, when compared to other photovoltaic semiconductors, hybrid metal halide perovskite absorbers are brittle with an ionic saltlike crystal structure and require the least amount of force (G C < 1.5 J/m 2 ) to cohesively fracture ( Figure  12a ). 257 The strain-energy release rate, G (J/m 2 ), quantifies the amount of force required for mechanical failure. Fracture occurs when G > the fracture energy, G C , which is a function of the modulus of the substrate and the geometry of the sample. 11 Dauskardt et al. suggest that for a solar technology to be mechanically robust in operation, it should ideally have a G C higher than 10 J/m 2 . 11 Thus, the mechanical properties of perovskite solar cells are a concern not only for intrinsic stability to external stressors but also for resistance to fracture and delamination.
Thermally-Induced Stress and Strain in Perovskite Solar Cells
Most perovskite films are formed at an elevated temperature, 80−130°C. Since perovskite absorbers have a linear thermal expansion coefficient (TEC) of approximately 45 × 10 −6°C 1− , 258, 259 they would like to contract more than a glass substrate (TEC for soda lime glass ∼10 × 10 −6°C1− ) 260 when cooled back to room temperature. Since they are bound to the substrate after they form, they cannot shrink as much as desired. Consequently, most perovskite films are under tensile stress, which makes them more prone to cracking, delamination, 261 and moisture-, heat-, or light-induced degradation. 13, 14 
Stress and Strain Affect the Rate of Perovskite
Degradation. The impact of stress and strain in a perovskite film on its rate of degradation is an important topic that is just beginning to be explored. Zhao et al. varied the strain in a perovskite film by depositing it on a plastic substrate and then flexing it to be concave or convex to introduce compressive or tensile strain. 13 They found that the typical amount of strain that exists in films due to the inability of the film to shrink after being formed at an elevated temperature is enough to substantially accelerate light-induced degradation, presumably because it strains the bonds and makes them weaker. The films under compressive strain had an improved stability because of a higher activation energy for ion migration. The tensile stress equals the tensile strain multiplied by the elastic modulus of the perovskite, according to Hooke's law. Rolston et al. detailed that film stress, and thus film strain, in perovskite solar cells is primarily determined by the annealing temperature of the perovskite film during formation because of thermal coefficient of expansion mismatches between the substrate and the perovskite film, regardless of perovskite composition or antisolvent method used. 14, 256 They developed strategies for minimizing tensile stress in the films such as forming the perovskite at a lower temperature with a bath conversion method or using plastic substrates with thermal expansion coefficients that are closer to those of the perovskites. They found that perovskite films were more tolerant to heat when deposited on polymeric substrates than on glass substrates because the tensile stress was lower. A crucially important implication of this work is that degradation of films on glass will almost certainly not increase exponentially with temperature, as many chemical reactions do, because the stress within the film is reduced at elevated temperatures as the perovskite expands and even eliminated at the temperature the film was originally formed at. 14 Consequently, determining the acceleration factors for stress testing at elevated temperatures so that the lifetime of cells at typical operating conditions can be calculated will be nontrivial. It will require testing at multiple temperatures coupled with modeling that takes into account both the increased availability of thermal energy to make degradation reactions occur faster and the complex dependence of the reactions on the temperature-dependent amount of stress in the films. Determining the exact mechanisms by which tensile stress accelerates moisture, photochemical, and thermal degradation are all exciting and barely explored topics for future research.
Efforts to Increase the Fracture Energy of Perovskite Solar Cells
Even if the measures described in the previous section are used to minimize mechanical stress within a perovskite solar cell, forces can still be exerted on the perovskite layer when it is packaged and exposed to temperature changes since the encapsulants, cover glass (or plastic), and metal ribbons have different TECs. Moreover, when force is applied to a panel, it can be transmitted to the perovskite unless the packaging is exceptionally stiff. Consequently, the perovskite film needs to be engineered to have a respectable fracture energy. Two approaches have been taken to intrinsically increase the fracture energy of the perovskite absorber: increasing perovskite grain size and substituting a large organic cation in the A site of the perovskite compound, ABX 3 . Rolston et al. demonstrated that G C scales with the perovskite grain size from G C of 0.2 J/m 2 (<500 nm grain) to G C of 1.5 J/m 2 (>10 μm grain). 11 They postulated that grain boundaries act as defects that allow cracks to propagate through the perovskite layer more easily. In a single crystal MAPbI 3 perovskite, the fracture energy increases up to 2.11 J/m 2 (Figure 12b ). 257 For a high fracture energy, a perovskite needs to have not only large grain size but also PbI 2 -free grain boundaries. While excess PbI 2 can passivate grains for higher open circuit voltage 197 and power conversion efficiency, 31 it has been reported to embrittle grain boundaries and reduce the fracture energy by half (Figure 12b ). 257 Another way to increase mechanical stability is substituting the A-site cation with a large organic cation, which in turn converts the 3D perovskite to a 2D Ruddlesden−Popper structure, simultaneously enhancing the moisture stability of the perovskite. 144 Hot-cast BA/MA perovskite has higher fracture energy than other smaller cation perovskites (Figure 12b ). These results suggest that an enhancement in G C comes from not only an increase in perovskite grain size but also extra structural support provided by the large BA cation, which increases the film plasticity and toughens the layer, making it harder for a crack to propagate. 257 Although the perovskite absorber has a low fracture energy, the weakest layer in most perovskite solar cells is either a planar small molecule or a fullerene transport layer, as shown in Table 5 . 11 Commonly used hole transport layers have a G C as low as 0.17 J/m 2 in PTAA ( Table 5 ). 257 Fullerene layers have the lowest G C of any layers in perovskite cells that have been measured around 0.1−0.16 J/m 2 . Thus, there is a high incentive to replace fullerenes with an electrically matched and more mechanically robust electron transport layer. Watson et al. synthesized an MPMIC60 thermally cross-linked alternative electron transport layer that has a much-enhanced G C , above 1 J/m 2 . 262 Furthermore, they demonstrated that replacing fullerenes with MPMIC60 resulted in 3-fold and 5-fold enhancement in G C in the conventional n-i-p and inverted pi-n architectures, respectively. However, there are two downsides of using this molecule. It is expensive, and cells made with it have ∼7% lower relative PCE compared to cells with conventional fullerenes. Another route to enhance the mechanical robustness of the transport layer is utilizing oxides such as NiO x as long as these layers can be processed on top of the perovskite at a low temperature to avoid degradation.
One way to drastically enhance the mechanical stability of a perovskite solar cell is to strengthen the entire device by incorporating a mesoporous or scaffold reinforcement structure. Perovskite infiltrated into a 1-μm-thick triple porous layer of TiO 2 /ZrO 2 /carbon 30 requires 3.2 J/m 2 to fracture Figure 12b ), likely due to the mesoporous layer extrinsically shielding the strain and making it harder for a crack to propagate. 257 Watson et al. fabricated perovskite solar cells on a 500-μm-wide and 1-μm-thick hexagonal-scaffold and demonstrated a significant enhancement in fracture energy to 13 J/m 2 (Figure 13 ). 264 This enhancement in G C is due to the scaffold disrupting the continuity of the brittle perovskite film, resulting in a meandering fracture path through different portions of the perovskite layer, shown as a red line in the inset of the Figure 13c . However, this design trades mechanical stability with performance; PCEs of perovskite solar cells on a scaffold structure are below 12% due to a loss in current that results from having inactive scaffold wall area. Although composite designs can make perovskite solar cells significantly more robust and have been proven to toughen ceramics 265−267 and polymers, 268 light management is required to improve power conversion efficiency.
IMPROVING STABILITY THROUGH PACKAGING
One of the most important tools to improve perovskite solar cell device stability is packaging, which can limit exposure to oxygen and moisture, prevent irreversible loss of volatile organic and halide species due to light and heat exposure, and reduce mechanical stress during thermal fluctuations. In addition to all of that, a package needs to allow high visible light transmission to the solar cells, be easily cleanable, withstand external mechanical impacts such as hail, and physically and electrically insulate the solar cells. A commercially successful packaging scheme will likely include four components: a top sheet that faces the sun, a bottom sheet, an edge seal, and an encapsulant polymer that fills in the space between the two sheets, the edge seal, the solar cells, the metal ribbons, and the junction box. The edge seal's primary role is to block air and moisture. A good encapsulant material should hold the package together and offer electrical insulation, allow good optical coupling of light into the solar cells, physically protect components from corrosion, and reduce moisture ingress after the edge seal. 269 As we discuss below, all of these components must be chosen with regard to the specific degradation mechanisms associated with perovskite solar cells that have been considered throughout this review. In some of the early attempts to package perovskite solar cells, the glass substrate served as the top sheet and thin film encapsulation (TFE) such as Al 2 O 3 or multilayered inorganic/ organic films (Figure 14a ) with adhesives completed the package. TFE provides multiple advantages to encapsulate perovskite solar cells; it can be deposited with a low temperature, it helps suppress volatile organics from escaping the perovskite, and it can have a water vapor transmission rate (WVTR) below 10 −5 g/m 2 /day. 46, 272 Therefore, various organic and hybrid thin films have been incorporated on top of perovskite solar cells and reported to improve storage and moisture stability as shown in Table 6 . There is a trade-off between lowering the inorganic layer deposition temperature and weakening the barrier quality with increasing water vapor transmission rate (WVTR). 270 Stability testing of TFEpackaged perovskite has been mostly limited to moisture with the highest demonstrated thermal stability up to only 50°C
. If the stack is thick and the layers have different thermal expansion coefficients, stress could build up in the film and cause delamination as the solar cells go through temperature cycling. Thin film encapsulation could be promising for flexible perovskite solar cells ( Figure 14b ) if a low WVTR barrier can be deposited with a sufficient combination of low temperature and short processing time to prevent degradation of the underlying perovskite. It will also be crucial to reduce the cost of the commercial flexible barriers. Architectures that use TFE should take care to encapsulate the edges of the solar cells to completely seal the perovskite and prevent volatilization of organic species.
Moisture ingress through the side of a package is sufficient to cause degradation 277, 278 and needs to be minimized for long-term stability. Epoxy resin is commonly reported as an edge seal to bond a piece of glass to the bottom perovskite solar cell substrate prior to probing stability of newly developed absorbers or barriers. Studies utilizing epoxy resin edge seals in combination with glass sheets 144, 279 Figure 15a ) and only use it at the edge (Figure 15b ) to minimize reactions between the perovskite and vapor outgassed from the epoxy during UV-curing. 236 Dong et al. compared three epoxy resin edge seals differentiated by curing methods, namely two-part "AB" epoxy, thermally curable epoxy, and UV-curable epoxy. 279 They found that UV-curable epoxy resulted in the highest postprocessing PCE of 15% and the best stability. While utilizing UV-curable edge seal with a gap between the glass sheet and the perovskite solar cells (Figure 15b ) has shown impressive stability at room temperature, Shi et al. reported that the headspace in the package is unfavorable because it allows volatile organics to escape the perovskite when exposing the package to different environmental stressors. 276 Two groups filled the headspace with polymeric materials and demonstrated improved thermal and moisture stability of the encapsulated perovskite solar cells. Matteocci et al. utilized UV epoxy edge seal, white light-curable adhesive filler, and glass and found that their encapsulated solar cells retained 80% of their PCE after 102 h at 40−50°C in a 95% relative humidity atmosphere. 281 Li et al. encapsulated perovskite solar cells between glass filled with Surlyn encapsulant and UV epoxy edge seal. They found that the solar cells retained 92% of their performance after 3 months of aging at 80−85°C. 282 While UV epoxy edge seal in combination with a protective glass sheet can delay moisture and thermally induced degradation of perovskite solar cells, it is not suitable to be used in scaling up perovskite modules or in prolonged outdoor operation. Commercial UV-cured epoxy is typically more expensive and has a higher water vapor transmission rate (16 g/m 2 /day) than the commonly used butyl rubber edge seal (10 −2 −10 −3 g/m 2 /day). 276 Furthermore, most epoxies are stiff and can crack easily as the packaged solar cells go through temperature cycling. 278 Glass-glass encapsulation with a rubber edge seal and a polymeric encapsulant might be necessary for long-term stability of perovskite solar cells. 97 This design has been reported to work well in CIGS and CdTe solar cells even though these cells are moisture sensitive. 283 Glass provides an excellent barrier for water and oxygen and is easy to clean. In accordance with industry experts with whom we have had discussions, glass is currently much more cost-effective and durable than the flexible multilayer barrier films that are starting to be commercially available. Butyl rubber edge seals provide some of the best moisture barriers of the candidates that have been explored over the last two decades for the photovoltaic industry 269 (excluding expensive options such as sealed glass frits). Utilizing butyl rubber as a cover layer 276 (Figure 15c ) or edge seal 28 (Figure 15d ) has been reported to effectively reduce moisture ingress in perovskite solar cells. 284 Shi et al. used a common butyl rubber edge seal material, polyisobutylene (PIB), as a top blanket (Figure 15c ) and reported that the PIB blanket encapsulated solar cells were stable for 540 h at 85°C-85% RH and retained 120% of their initial performance after 200 thermal cycles between −40 and 85°C. 276 Butyl rubber, however, is probably not an ideal encapsulation material because it is not stiff enough to hold a panel together.
Selecting a suitable encapsulant for perovskite solar cells is not trivial due to different desirable properties as shown in Table 7 . First of all, many encapsulants require processing at temperatures of approximately 150°C for up to 20 min in order to cross-link the material and properly adhere it to other components in the panel. With a combination of a thermally stable perovskite absorber and usage of indium-doped tin oxide as a top contact and barrier, it is possible to encapsulate semitransparent solar cells with less than 5% drop in performance. 28 Second, an encapsulant must be chemically compatible with the perovskite. While ethylene vinyl acetate (EVA) is the most commonly used encapsulant in the solar industry due to its low cost, good light transmission, and low processing temperature of 140°C, it is known to slowly release acetic acid under the presence of heat and moisture, 285 which degrades the perovskite. Finally, a compliant encapsulant must reduce the peak stress that that the perovskite cell could experience from temperature fluctuations or a mechanical load by deforming in such a way that forces are spread out, making it harder for a crack to propagate through the weakest layer in the solar cell, as discussed in section 7. 12 A compliable encapsulant layer followed by cover glass has been reported to allow perovskite solar cells to retain more than 90% of their performance after the IEC 61215:2016 standard of 200 temperature cycles between −40 and 85°C. 12, 276, 286 The PIB encapsulant used by Shi et al. has a glass transition temperature below −75°C 287 that allows the package to be compliable for the entire temperature cycling range. Our group encapsulated perovskite solar cells with commercially available encapsulants, cover glass, and butyl rubber edge seal. 12 We found that with encapsulation, the fracture energy of the perovskite solar cell stack increased from 0.2 to 0.8 J/m 2 . With this reasoning, our glass−glass packaged perovskite solar cells with a compliable EVA or polyolefin encapsulant (elastic moduli of 10 and 9 MPa, respectively) were able to pass the 200 thermal cycle test. In contrast, our package with a much stiffer Surlyn encapsulant (elastic modulus of 394 MPa) delaminated and lost the majority of its performance, suggesting that an encapsulant must have a low elastic modulus to avoid delamination of layers in the perovskite solar cell. 12, 28 As a perovskite solar cell is scaled up to a full size module, strains due to TEC mismatches could become more pronounced, making mechanical stability and the encapsulant selection even more critical. 288 In addition, high voltages in modules lead to potential induced degradation (PID). EVA has low electrical resistivity, making it the most prone to potential induced degradation (PID). 289 Polyolefin encapsulation materials are becoming more popular among the thin film photovoltaic industry due to their ∼100× magnitude higher electrical resistivity while having a similar water vapor transmission rate compared to EVA (Table 7) .
Our group demonstrated that by taking these multiple design parameters into account, packaged perovskite solar cells passed the IEC 61215:2016 damp heat test, 286 retaining more than 90% of their performance after 1000 h at 85°C-85% RH (Figure 16 ). 27, 28 This same package configuration also enabled the perovskite solar cells to pass the IEC 200 thermal cycles test. 12 Thus, this package provides promise for long-term stability of perovskite solar cells, even in outdoor operation.
There are several different views on which type of perovskite solar cells will be commercially successful. Some researchers and companies are hoping to use very inexpensive solar cell materials, processing techniques, and packaging materials and are hoping that they can produce panels at $0.25/Watt even if the efficiency is 12% 225 by keeping the cost at approximately $30/m 2 . Two sheets of glass, butyl rubber, polyolefin encapsulation, and a junction box could account for most of the $30/m 2 budget for that panel. 290 Therefore, unless cheaper packaging materials and methods can be developed and shown to be effective, it is our opinion that solar cells with higher efficiency are probably going to be more competitive since the cost per area can be higher for a given $/W cost. With the higher efficiency, there will be a sufficient budget for adequate packaging materials.
PREVENTING REVERSE BIAS DEGRADATION IN
PARTIALLY SHADED MODULES When some of the solar cells in a panel are shaded and most are not, the illuminated cells generate current that seeks a way through the shaded cells. The shaded cells typically end up in reverse bias until they break down and the current matches the illuminated cells. It is known that when CIGS and CdTe thinfilm modules are partially shaded, large reverse bias current passes through shunt pathways and locally heats the area, which causes degradation in the absorber and delamination, resulting in up to 7% relative permanent PCE losses. 291, 292 Bowring et al. observed two different types of reverse bias degradation in perovskite solar cells. 15 The first mechanism is the formation of local shunts due to defects or metal filaments, and it is typically seen in cells with metal contacts. When shunting occurs, the current−voltage curve typically shows an extremely rapid increase in current at the break down voltage, causing hotspots and permanent degradation. The shunt causes the device to act like a resistor with a linear IV curve.
In cells made with more stable ITO contacts, the shunting does not seem to occur, and the current increases more gradually with voltage under reverse bias once the breakdown voltage is reached ( Figure 17 ). While there is not yet a quantitative model in the literature to fully explain this reverse bias current, it is likely that there is tunneling current at a contact due to buildup of mobile ions that causes almost all of the voltage to be dropped right at the contact, which thins the tunnel barrier. If current could be passed through the cell this way without causing any damage, the tunneling in reverse bias would actually protect the shaded cells. Unfortunately, the initially high tunneling current slowly decays, likely due to a chemical reaction at the interface (Figure 17a ). This reaction results in higher series resistance and much lower V OC in cells just after reverse bias, both of which gradually improve to nearly their initial values after storage in the dark or lightsoaking. Thus, reverse bias degradation in the second mechanism is nearly reversible but still results in small permanent degradation of the solar cell. 15 We are continuing our research of this phenomenon to develop a more detailed understanding so that design rules can be developed for preventing this mode of degradation. One potential solution to perovskite solar cell reverse bias degradation is the use of bypass diodes, but they would add cost and complexity. While silicon solar cells typically have a reverse bias breakdown voltage, V BD , beyond −15 V, V BD for perovskite solar cells ranges only between −1 and −4 V (Figure 17b ). This means that silicon solar panels typically use one bypass diode, located in the junction box, for 17 cells, while perovskite solar cells may potentially require five to ten times that many bypass diodes to ensure the same level of protection. 15 Another potential solution is to increase the reversibility of the second reverse bias degradation mechanism reported by Bowring et al., which would effectively make perovskite solar cells function as their own bypass diodes. 15 For the second solution to effectively protect perovskite solar cells, the catastrophic degradation at reverse bias due to metal contacts must be eliminated.
We do not know if it is essential to engineer the cells not to degrade in reverse bias or use bypass diodes. CdTe and CIGS panels have the same problem and are not made with bypass diodes. 291, 292 In commercial CdTe panels, the individual solar cells are vertically oriented and run from the top to the bottom of the panel. Even if snow melts and covers the bottom of the panel or dirt builds up at the bottom, no cells are completely covered. One leaf or a bird could not cover an entire meterlong cell. One could speculate, however, that companies who manufacture CdTe panels have chosen to deploy them almost exclusively in utility scale power plants because shading is less likely to occur there, and the workers who clean the panels can be instructed to never completely cover one solar cell during the day. We therefore urge the perovskite community to try to make the cells stable in reverse bias and would like to point out that it only takes a few minutes to find out if a cell has promising reverse bias stability.
RECOMMENDATIONS FOR ACCELERATED
TESTING OF PEROVSKITE SOLAR CELL RELIABILITY The photovoltaic industry based primarily on silicon is advancing rapidly, although not fast enough to prevent climate change, and time is running out to find sources of energy that do not generate greenhouse gases. The perovskite community feels a sense of urgency to advance its technology much faster than any other photovoltaic technology has advanced before. The progress on increasing the power conversion efficiency has been truly remarkable, and now the main challenge is improving stability, which is more difficult simply because the testing feedback loop takes much longer.
The international community of perovskite researchers is embarking on an unorganized collective evolutionary process to make better solar cells. Materials, processes, and designs that work better tend to be widely adopted and ones that do not work well tend to be left behind. For this process to work, it is crucial that the right design criteria be used. It is hard to dispute that power conversion efficiency is the main figure of merit that most researchers are trying to optimize. It is of the utmost importance that stability factors also be viewed as important selection criteria. For the community to improve stability as rapidly as it has improved power conversion efficiency, it will be crucial to find ways to accelerate lifetime testing to get rapid feedback.
Discussion is emerging on developing standards for how the stability of perovskite solar cells should be measured and reported. 178,286,293−296 The standards developed by the International Electrotechnical Commission for reliability testing of solar modules (IEC 61215) 286, 297 and the consensus protocols for stability analysis reported by the International Summit on OPV Stability (ISOS) 39,294 provide a good framework, but these require modification to address phenomena unique to perovskite solar cells. For example, max power point tracking should be used during aging to avoid inaccuracies associated with hysteresis in JV scans, 295, 298 and a T s80 has been proposed that modifies the T 80 , or time for a device to reach 80% of its initial efficiency, with the reversible gain or loss after a period of dark recovery. 295 Although we see the merits of developing the standards, we would like to make the case that researchers should not be required to perform experiments that rigidly follow a set of recommendations because we do not think it is clear what those recommendations should be at this time. Since the mechanisms of degradation are not yet thoroughly understood and might not even be the same for all of the perovskite compositions and contact layers, it will probably not be possible to reach a consensus in the next couple of years within the community on which accelerated tests are the most important, especially considering that the acceleration factors are not yet known. Instead of proposing a set of standards, we would like to provide some recommendations for people to consider and encourage a debate on what standards might emerge in the coming years. We want to emphasize that researchers should put their solar cells through challenging tests and that the community should not reward people for claiming that cells are stable because, for example, they still work after a month of storage at room temperature. The goal of stress testing should be to identify problems and then fix them, not make cells look stable when they really are not.
We think that one of the most important tests that should be performed widely is thermal testing at elevated temperature in an inert atmosphere. The reason for picking this test first is that presumably any lab that can make a perovskite cell could put the cell on a hot plate in their glovebox and measure the efficiency before and after. This experiment does not require large lamps, multiplexed electronics or the ability to seal the solar cells in a hermetic package. We believe that a relatively high temperature should be used so that researchers can find out as quickly as possible if their solar cell is stable. 85°C is a common temperature used to test many electronic devices. Although we think there could be merit in trying even higher temperatures to assess the stability of the cells as quickly as possible, one would have to be increasingly concerned at higher temperatures that the cells might degrade by mechanisms that are different than the ones that are important under typical operating conditions. Although testing in the dark at an elevated temperature is very simple, we would like to point out that it is important to light soak the solar cells after dark testing since light soaking restores a substantial fraction of the lost efficiency. 28 Demonstrating that solar cells are stable under light is obviously important. Many experts make the case that one should use an illumination source that includes ultraviolet light, which typically means using xenon lamps. While we are glad that many researchers use xenon lamps to find out what ultraviolet light does to their cells, we would like to point out the merit of using light-emitting diode arrays to study lightinduced degradation. Although LEDs do not provide ultraviolet light, we consider them to be attractive because it is relatively easy to use them to illuminate solar cells with an intensity equivalent to 5−10 suns. Moreover, xenon bulbs last less than one year if operated continuously, and a collection of xenon bulbs can easily generate several kilowatts of power, which is a heating load that many laboratories cannot handle. In contrast, LEDs are more stable and operate at much lower power.
We strongly encourage researchers to perform a test that is more aggressive than exposing the solar cells to one sun illumination at 45°C, which is a somewhat popular test. If one performs this test 24 h/day and the degradation is primarily a function of the photon dose (rather than e.g. the temperature) then there should be an acceleration factor of approximately five compared to outdoor testing simply because the solar cell experiences full illumination throughout the day. Unfortunately, with an acceleration factor of only five, 1000 h (∼1/8 year) of testing is not even enough to find out what would happen to a solar cell after one year of normal operation. We urge researchers to consider increasing the temperature to 85°C
. There is a rule of thumb based on an Arrhenius relationship for Si photovoltaics that increasing the temperature by 10°C accelerates reactions by a factor of 2. 299 Using the higher temperature might accelerate degradation by approximately a factor of 16. Using five-sun illumination should give another acceleration factor of 5, if degradation is a function of the photon dose. Consequently, running a solar cell for 1000 h at 85°C under five suns might be roughly equivalent to 50 years of testing (ignoring the possibility that Chemical Reviews Review DOI: 10.1021/acs.chemrev.8b00336 Chem. Rev. 2019, 119, 3418−3451 temperature cycling and other stressors might work together with the light to damage the cells). While it may take a couple of years to find out if these estimated acceleration factors are reasonably accurate, it is our opinion that this test or ones that are similarly aggressive strike a good balance between providing rapid feedback and staying in a regime where the degradation is likely to occur by the same mechanisms that will be present under normal solar cell operation in an outdoor environment. If a substantial fraction of the community performs this challenging test and people use the feedback from the test to improve their solar cells, we believe that a successful technology will emerge much faster.
There is a great need for researchers to determine the acceleration factors of degradation as a function of temperature and light to predict long-term performance under less aggressive conditions. As noted earlier, as the temperature of a perovskite film approaches the temperature the film was originally formed at, tensile stress due to thermal expansion coefficient mismatches decreases, which actually helps stabilize the perovskite. Thus, the estimation of the acceleration factor in the previous paragraph might not be correct, and it is possible that degradation might be faster at 65°C than 85°C. When perovskites are commercialized, it will be important to have a solid scientific understanding of the degradation with an ability to make accurate forecasts of long-term performance in order to convince people that a relatively new solar cell architecture is going to last for more than 25 years.
We also encourage researchers to test their solar cells in reverse bias, which is easy to do. It would be very helpful if researchers reported current−voltage curves that extend approximately 1 V past the breakdown voltage. We speculate that whatever makes the cells stable in reverse bias will also likely improve their stability in other ways as well. We suspect that using reverse bias might be an excellent method for accelerating lifetime testing for at least some forms of degradation involving mobile ions, but this hypothesis remains to be proven.
It is probably less critical for many research laboratories who would prefer to study intrinsic degradation to package solar cells and perform temperature cycling. However, we would like to remind everyone that even when perovskite cells are tested in an inert atmosphere, they are sometimes more stable when packaged since the packaging prevents components of the perovskite from leaving at elevated temperatures. We have published a manuscript with a detailed description of how to package perovskite solar cells using commercially available materials for those who want to run the stress tests in air. 28 If different laboratories use the same packaging then it will be easier to compare their results.
Most stability studies utilize relatively small perovskite solar cells. One of the most effective methods for improving stability has been to use impermeable electrodes as barrier layers to protect the perovskite films. Everyone should keep in mind that if a conventional thin-film module design with vias connecting the top of one cell to the bottom of a neighboring cell is used, the scribe lines through the electrode barrier layers could potentially introduce points of weakness. Moreover, the scribing process could damage the perovskite, and metal in the vias could react with the perovskite it touches. It will therefore be crucial for mini-modules that are similar to full size panels in every way to be exposed to the complete array of stressors that a panel could encounter. It would not be surprising if additional problems emerge.
Eventually, it will be important to expose perovskite solar cells to multiple stressors. An example of a test protocol that might be effective at predicting how stable a panel would be in the field is to take the cells through 200 cycles between −40 and 85°C followed by 1000 h under five-suns illumination at 85°C and then repeat the entire test. Alternating between temperature cycling, which exposes the materials to mechanical stress, and the combination of light and heat, which can break bonds, is important because cracks can grow faster under mechanical stress after defects have been formed by exposure to heat and light.
In summary, there are multiple styles of research that will be important for making perovskite solar cells reliable for more than 25 years. Relatively high-throughput experimentation is needed to rapidly reveal the materials and processing techniques that enable stability to heating, light, humidity, temperature cycling, mechanical strain, reverse bias, and combinations of these stressors. We encourage researchers, who perform sophisticated characterization experiments to understand in detail how perovskite solar cells degrade, to focus their attention on the perovskite solar cell stacks that have been identified by rapid screening to have the best combination of efficiency and stability. While it was quite easy to observe degradation in the best perovskite solar cells several years ago, the degradation in the best cells is now subtle. These cells are made with stable contact layers that do not contain mobile dopants; perovskite films that tend not to have the methylammonium cation and have optimal average radii at the A, B, and X sites; impermeable barrier layers built right into the device; nonreactive carbon or transparent conductive oxide electrodes; and effective packaging. With all of the progress that has been made in the last several years, we are optimistic that perovskite solar cells can be engineered to do something that few electronic devices are expected to do: perform extraordinarily well outside in an unshaded location for more than 25 years. 
